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A  novel  type  of  DMFC  membrane  was  developed  via  incorporation  of  organophosphorus  acids  (OPAs) 
into  alcohol  barrier  materials  (polyvinyl  alcohol/chitosan,  PVA/CS)  to  simultaneously  acquire  high  proton 
conductivity  and  low  methanol  permeability.  Three  kinds  of  OPAs  including  amino  trimethylene  phos- 
phonic  acid  (ATMP),  ethylene  diamine  tetra( methylene  phosphonic  acid)  (EDTMP)  and  hexamethylene 
diamine  tetra( methylene  phosphonic  acid)  (HDTMP),  with  different  molecular  structure  and  phosphonic 
acid  groups  content  were  added  into  PVA/CS  blends  and  served  the  dual  functions  as  proton  conductor  as 
well  as  crosslinker.  The  as-prepared  OPA-doped  PVA/CS  membranes  exhibited  remarkably  enhanced  pro¬ 
ton  conducting  ability,  2-4  times  higher  than  that  of  the  pristine  PVA/CS  membrane,  comparable  with  that 
for  Nafion®117  membrane  (5.04  x  10-2  S  cm-1 ).  The  highest  proton  conductivities  3.58  x  10-2, 3.51  x  10~2 
and  2.61  x  10-2  S  cm-1  for  ATMP-,  EDTMP-  and  HDTMP-doped  membranes,  respectively  were  all  achieved 
at  highest  initial  OPA  doping  content  (23.1  wt.%)  at  room  temperature.  The  EDTMP-doped  PVA/CS  mem¬ 
brane  with  an  acid  content  of  13.9  wt.%  showed  the  lowest  methanol  permeability  of  2.32  x  10-7  cm2  s-1 
which  was  16  times  lower  than  that  of  Nafion®117  membrane.  In  addition,  the  thermal  stability  and  oxida¬ 
tive  durability  were  both  significantly  improved  by  the  incorporation  of  OPAs  in  comparison  with  pristine 
PVA/CS  membranes. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  proton-exchange  membrane  (PEM)  is  a  key  component  in 
DMFCs,  which  directly  determines  the  final  fuel  cell  performance. 
Membranes  with  high  proton  conductivity  and  low  methanol  per¬ 
meability  as  well  as  high  stability  have  always  been  the  targets 
for  membrane  development  [1].  In  recent  years,  a  large  number 
of  sulfonated  membranes  have  been  synthesized  through  various 
methods  including  direct  sulfonation  of  aromatic  polymers  [2,3], 
grafting  of  branches  with  sulfonic  acid  groups  [4,5]  and  blending  of 
different  sulfonated  polymers  or  blending  of  sulfonated  polymers 
with  basic  polymers  [6,7].  The  proton  conductivity  of  these  sul¬ 
fonated  membranes  strongly  depends  on  the  water  content  since 
the  protons  transport  with  the  aid  of  water  as  mobile  vehicles. 
Nation®  117  membrane,  currently  the  major  type  of  commercially 
available  membrane  for  DMFC  and  a  typical  representative  of 
sulfonated  membranes,  displays  a  sharp  decrease  in  proton  con¬ 
ductivity  at  operation  temperatures  higher  than  80  °C  due  to  a  big 
loss  of  water  content  [8].  Additionally,  the  high  water  content  in 
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the  membrane  usually  leads  to  a  high  methanol  crossover  and 
consequently  a  lowered  fuel  cell  performance.  An  effective  alter¬ 
native  approach  to  eliminate  this  water  dependence  for  sulfonic 
acid  membranes  is  to  use  phosphonic  acids  as  proton  conductors. 
The  water  binding  energy  of  phosphonic  acid  (47.3  kj  mol-1 )  was 
found  to  be  higher  than  that  of  sulfonic  acid  (44.4  kj  mol-1)  [9], 
suggesting  that  the  phosphonic  acid  group  has  a  better  capac¬ 
ity  of  retaining  water  under  low-humidity  conditions  and  that 
the  dynamics  of  the  hydrogen  bonding  is  more  constrained  with 
-P03H2  than  -SO3H.  The  proton  transport  through  phosphonic  acid 
membranes  under  low-humidity  conditions  is  fulfilled  via  diffu¬ 
sion  along  hydrogen  bonds  [10-12].  The  average  zero  point  energy 
(ZPE)  corrected  energy  difference  for  phosphonic  acid  and  sulfonic 
acid  was  37.2  and  69.9  kj  mol-1,  respectively,  indicating  that  pro¬ 
tons  transport  much  easier  from  ‘acid  to  acid’  via  phosphonic  acid 
groups  than  via  sulfonic  acid  groups  [9]. 

The  most  commonly  applied  approach  to  introduce  an  inorganic 
acid  into  polymer  membranes  is  by  direct  doping  [12-14].  The  pro¬ 
ton  conductivity  can  be  significantly  increased  after  doped  with 
H3PO4  [15]  and  other  heteropolyacids  [16,17].  However,  a  quick 
leaching  of  the  small  inorganic  acids  from  the  membrane,  espe¬ 
cially  when  contacting  with  liquid  fuels,  often  occurs  for  such  kind 
of  acid-doped  membranes  [13,15,18].  The  leaching  of  acids  not  only 


0378-7753 /$  -  see  front  matter  ©  2008  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2008.06.086 


86 


Z.  Jiang  et  al  /  Journal  of  Power  Sources  185  (2008)  85-94 


ATMP  EDTMP 


HDTMP 


Scheme  1.  Molecular  structure  of  ATMP,  EDTMP  and  HDTMP. 


results  in  a  fast  decrease  of  conductivity,  but  also  causes  corrosion 
problems.  In  order  to  address  this  problem,  synthesis  of  phosphonic 
acid  membranes  through  chemical  modifications  of  polymers  was 
introduced  to  be  the  most  effective  method  [10,11,19-21].  Proton 
conductivity  of  phosphonic  acid  membranes  is  directly  associated 
with  the  degree  of  phosphonation.  A  higher  density  of  phosphonic 
acid  groups  in  the  membrane  leads  to  a  higher  proton  conductiv¬ 
ity  [21  ].  The  disadvantages  of  the  relatively  complicated  procedure 
for  fabrication  of  chemically  modified  membranes  and  the  leaching 
problem  for  physical  doping  membranes  promote  the  development 
of  novel  and  simple  approaches. 

Herein,  organophosphorus  acids  (OPAs)  are  for  the  first  time 
incorporated  into  alcohol  barrier  polymers,  polyvinyl  alcohol  (PVA) 
and  chitosan  (CS),  by  solution  blending.  OPA,  used  as  a  proton  con¬ 
ductor,  is  such  a  kind  of  phosphonic  acid  with  a  couple  of  -P03H2 
groups  at  the  both  ends  of  the  alkyl  chain.  On  the  one  hand,  the 
-P03H2  groups  on  the  both  chain  ends  may  act  as  crosslinking  sites 
by  forming  ionic  bonds  or  hydrogen  bonds  with  polymers  like  CS 
with  -NH2  groups.  On  the  other  hand,  the  high  content  of  -P03H2 
group  on  the  OPAs  is  expected  to  yield  high  proton  conductivity, 
which  is  less  dependent  on  water  uptake.  Three  different  OPAs 
including  amino  trimethylene  phosphonic  acid  (ATMP),  ethylene 
diamine  tetra( methylene  phosphonic  acid)  (EDTMP)  and  hexam- 
ethylene  diamine  tetra( methylene  phosphonic  acid)  (HDTMP)  are 
selected  and  their  molecular  structures  are  shown  in  Scheme  1. 
ATMP,  EDTMP  and  HDTMP  with  different  -(CH2)n-  chain  length 
(n  =  0,  2,  or  6)  present  an  equivalent  acid  density  of  9.93,  9.09  and 
8.06  mmol  (-P03H2)g_1,  respectively.  ATMP  is  soluble  in  aqueous 
solution,  while  EDTMP  and  HDTMP  are  insoluble  in  water  but  sol¬ 
uble  in  ammonia  aqueous  solution  at  room  temperature.  Taking 
reducing  methanol  permeation,  film-forming  property  and  manu¬ 
facturing  cost  into  account,  blends  of  PVA  and  CS  are  selected  as 
the  polymer  matrix  [22-24]. 

2.  Experimental 

2.1.  Materials  and  chemicals 

PVA  with  an  average  degree  of  polymerization  of  1750  ±  50  was 
purchased  from  Tianjin  Yuanli  Chemical  Co.,  Ltd.  CS  with  a  degree 
of  deacetylation  of  90%  was  supplied  by  Zhejiang  Golden-Shell  Bio¬ 
chemical  Co.,  Ltd.  ATMP,  EDTMP  and  HDTMP  were  purchased  from 
Shandong  Taihe  Water  Treatment  Co.,  Ltd.  Formic  acid,  acetone,  glu- 
taraldehyde  (GA)  and  methanol  were  purchased  locally.  Distilled 
water  was  used  throughout  the  study. 

2.2.  Membrane  preparation 

OPA-doped  PVA/CS  membranes  with  various  OPA  contents  were 
prepared  through  solution  blending.  A  PVA  solution  with  a  con¬ 


centration  of  4  wt.%  was  prepared  by  dissolving  the  PVA  powder  in 
de-ionized  water  at  90  °C  under  stirring  for  2  h.  CS  was  dissolved  in 
a  4  wt.%  formic  acid  aqueous  solution  at  80  °C  under  stirring  to  get 
a  4  wt.%  homogeneous  CS  solution.  Then,  the  PVA  solution  and  the 
CS  solution  were  mixed  at  a  ratio  of  1 : 1  and  a  homogeneous  blend 
solution  was  obtained.  A  desired  amount  of  OPA  (ATMP,  EDTMP  or 
HDTMP)  was  added  to  the  above  polymer  solution  under  constant 
stirring  for  1  h.  A  small  amount  of  GA  ( 1  -59  mol  of  PVA  repeat  units) 
was  used  for  primary  crosslinking.  The  mixture  was  then  cast  on  a 
clean  glass  plate  and  dried  at  room  temperature  for  about  36  h.  The 
resultant  membranes  were  further  treated  in  a  vacuum  at  120  °C 
for  1  h.  Then  the  dry  membranes  were  equilibrated  in  water  for 
about  30  min  followed  by  immersing  in  an  acetone-water  (90/10, 
vol.%)  solution  containing  0.5  vol.%  of  HC1  as  a  catalyst  and  5  vol.%  of 
GA  for  further  crosslinking.  After  crosslinking  for  30  min,  the  mem¬ 
branes  were  rinsed  repeatedly  with  distilled  water  to  remove  traces 
of  unreacted  GA  in  the  membrane  before  being  dried  in  a  vacuum 
oven  at  120  °C  for  another  30  min.  The  membrane  thus  fabricated 
was  designed  as  PVA/CS-X(Y),  where  X  (X  =  A,  E  or  H)  indicated  the 
type  of  the  OPA,  A  standing  for  ATMP,  E  standing  for  EDTMP  and 
H  standing  for  HDTMP,  and  Y  was  the  actual  weight  percent  of  the 
OPA  in  the  membrane.  The  actual  content  of  OPA  in  the  membrane 
was  determined  by  titration  method.  The  membranes  without  fur¬ 
ther  crosslinking  by  GA  were  immersed  in  distilled  water  and  the 
water  was  change  repeatedly  until  a  neutral  pH  value  was  reached. 
The  aqueous  solution  with  leached  OPAs  was  then  titrated  with  a 
0.01  M  NaOH  solution  using  phenolphthalein  as  an  indicator.  The 
content  of  OPAs  in  the  membrane  was  calculated  based  on  the  total 
amount  added  and  the  amount  leaching  out  of  the  membrane. 

Pure  PVA  membrane  was  also  prepared  for  comparison  purpose. 
A  PVA  solution  (4  wt.%)  was  prepared  by  dissolving  preweighed 
PVA  powder  in  water  at  90  °C  under  stirring  for  2  h.  A  2.5  wt.%  GA 
solution  was  added  dropwisely  to  the  above  PVA  solution,  and  HC1 
was  added  as  a  catalyst.  The  solution  was  then  cast  on  a  clean 
glass  plate  and  dried  at  room  temperature  for  about  36  h.  Then 
the  treatment  of  PVA  membrane  was  the  same  with  OPA-doped 
membranes. 

2.3.  Characterizations 

2.3.1.  Fourier  transform  infrared  (FT-IR) 

The  chemical  structure  of  the  PVA/CS  and  OPA-doped  PVA/CS 
membranes  was  investigated  using  a  Nicolet-740,  PerkinElmer- 
283B  FT-IR  Spectrometer. 

2.3.2.  X-ray  photoelectron  spectroscopy  (XPS) 

XPS  measurements  were  performed  on  a  PHI  1600  spectrome¬ 
ter  with  a  Mg  Ka  radiation  for  excitation  to  analyze  the  element 
existing  status  of  nitrogen  on  the  membrane  surface. 
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Table  1 

Calculated  hydrogen  bond  and  electrostatic  energies  for  PVA/CS-E,  PVA/CS,  and  EDTMP 
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Energy 

Etotai  (kjmol-1) 

£pva/cs  (kj  mol  1 ) 

£edtmp  (kjmol  j) 

A E  (kjmol-1) 

Hydrogen  bond 

-2451.452 

-2041.780 

-26.153 

-383.519 

Electrostatic 

-10084.372 

-3372.062 

-515.529 

-6196.781 

2.3.3.  X-ray  diffraction  (XRD) 

The  crystallinity  of  the  membranes  was  investigated  with  a 
RigakuD/max2500v/pa  X-ray  diffractometer  (CuK  40  kV,  200  mA, 
2°min-1 ).  The  peak  position  and  its  area  were  extracted  with  MDI- 
jade5  software  [25]. 

2.3.4.  Thermal  analysis 

The  thermal  stability  of  the  membranes  was  studied  using 
thermal  gravimetric  analysis  with  a  SHIMADZU  TA-50  instrument 
under  an  air  atmosphere  at  a  heating  rate  of  10°Cmin_1.  All  the 
membrane  samples  were  stored  in  a  vacuum  oven  at  100  °C  before 
analysis. 

2.3.5.  Mechanical  property 

The  tensile  strength  of  the  blend  membranes  was  measured  at 
room  temperature  using  an  Instron-type  tensile  testing  machine 
(Testometric/M350-10KN  ROCHOALL,  England)  at  a  crosshead 
speed  of  1  mm  min-1 .  The  width  of  the  sample  was  10  mm  and  the 
length  between  the  jaws  was  30  mm.  All  the  measurement  was 
performed  at  25  ±  2%  relative  humidity  (RH). 

2.4.  Oxidation  experiments 

The  oxidation  resistance  of  the  membranes  was  evaluated  by 
immersing  the  samples  in  a  3wt.%  H2O2  aqueous  solution  with 
stirring  at  60  °C  for  7  days.  The  weight  loss  of  the  membranes  was 
measured  at  certain  time  intervals. 

2.5.  Water  uptake 

The  water  uptake  of  the  membranes  was  determined  by  mea¬ 
suring  the  membrane  weight  difference  before  and  after  immersion 
in  water  for  24  h.  The  membrane  was  wiped  with  a  filter  paper  to 
remove  the  water  on  the  surface  and  weighted  (Wwet).  Then  the 
membrane  sample  was  dried  in  a  vacuum  oven  at  60  °C  for  24  h 


and  weighted  (Wdry).  The  water  uptake  was  calculated  using  Eq. 

(1). 

Uptake  (wt.%)  =  Wwe*  ~  Wdry  x  100  (1) 

Wdry 

The  error  of  measurements  was  within  ±4%. 

2.6.  Ion-exchange  capacity  (IEC) 

The  IEC  of  the  membranes  was  measured  by  a  conventional  titra¬ 
tion  method.  The  membrane  in  H+  form  was  immersed  in  a  2  M  NaCl 
solution  for  24  h  to  replace  the  H+  with  Na+  completely.  The  remain¬ 
ing  solution  was  then  titrated  with  a  0.01 -M  NaOH  solution  using 
phenolphthalein  as  an  indicator.  The  IEC  value  was  calculated  by 
Eq.  (2). 

imrnmnl  rr~h  0.01  X  1000  X  VNa0H 

IEC(mmol  g  *)  = - -  (2) 

where  VNaoH  (L)  is  the  volume  of  NaOH  solution  consumed  for 
titration  and  Wd  (g)  is  the  weight  of  the  dry  membrane  sam¬ 
ple.  The  measurements  were  carried  out  with  an  accuracy  of 
0.001  mmolg-1. 

2.7.  Proton  conductivity 

The  proton  conductivity  of  the  membranes  was  measured  in  a 
two-point-probe  conductivity  cell  using  the  AC  impedance  spec¬ 
troscopy  method  as  described  in  Ref.  [25].  A  frequency  response 
analyzer  (FRA,  Autolab  PGSTST20)  over  a  frequency  range  of 
1 -106  Hz  with  an  oscillating  voltage  of  10  mV  was  used  to  measure 
the  membrane  impedance.  The  test  temperature  was  controlled  by 
the  water  vapor  from  room  temperature  to  80  °C.  Before  measure¬ 
ment,  the  membrane  was  equilibrated  in  de-ionized  water  for  24  h. 


Fig.  1.  Optimized  structure  of  EDTMP-doped  PVA/CS  blend. 
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Fig.  2.  A  representative  photograph  of  the  OPA-doped  PVA/CS  blend  membranes. 


The  proton  conductivity  of  the  membrane  was  calculated  by  Eq.  (3). 

cr(Scm-1)=T  (3) 

where  L  (cm)  is  the  distance  between  the  two  probes;  A  (cm2)  is  the 
cross-sectional  area  of  testing  sample;  and  R  (£2)  is  the  membrane 
resistance  derived  from  the  low  intersection  of  the  high  frequency 
semicircle  on  a  complex  impedance  plane  with  the  Re  (Z)  axis. 

2.8.  Methanol  permeability 

The  methanol  permeability  was  measured  using  a  dif¬ 
fusion  cell  as  described  in  Ref.  [25].  The  membrane  was 
full  hydrated  in  de-ionized  water  for  48  h  before  measure¬ 
ment.  A  5M  methanol  solution  was  used  as  the  feed.  A  gas 
chromatography  (Agilent  6820)  equipped  with  a  TCD  detec¬ 
tor  and  a  DB624  column  was  used  to  detect  the  change  of 
methanol  concentration  in  the  water  compartment.  The  methanol 


Fig.  3.  Actual  content  of  OPAs  vs.  total  initial  content  of  OPAs  in  blend  membranes 
(the  dash  line  is  the  diagonal  line). 


permeability  (P,  cm2  s-1 )  was  determined  by  Eq.  (4). 

P(  cm2s-’)=^  (4) 

where  5  is  the  slope  of  curve  of  concentration  change  vs.  time;  VB  is 
the  volume  of  the  water  compartment;  CAo  is  the  initial  methanol 
concentration;  L  and  A  are  the  thickness  and  area  of  the  membrane, 
respectively.  The  error  of  measurements  was  within  ±3%. 

3.  Results  and  discussion 

3.1  Calculations  of  interaction  energy  in  the  blend  membrane 

Membrane  performance  is  strongly  dependent  on  its  equi¬ 
librium  conformational  structure.  Recently,  molecular  dynamics 
simulation  method  has  been  applied  in  the  design  and  selection 
of  membrane  materials  for  different  separation  processes,  and 
proven  to  be  a  useful  tool  for  the  investigation  of  the  structure 
and  molecular  interactions  in  the  target  membranes  [26].  Herein, 
a  primary  simulation  was  conducted,  hoping  to  provide  a  basis  for 
understanding  the  interactions  between  OPA  and  PVA/CS  blends  at 
molecular  level.  EDTMP-doped  blend  membrane  was  studied  as  a 
model  system. 

Molecular  dynamics  simulations  were  carried  out  using  the  Dis¬ 
cover  and  Amorphous  Cell  module  of  Materials  Studio,  which  was 
developed  by  Accelrys  Software  Inc.  The  COMPASS  force  field  was 
used  throughout  the  simulation  except  for  the  calculation  of  inter¬ 
action  energy  between  OPA  and  PVA/CS  polymers  since  it  could 
not  provide  the  exact  value  of  hydrogen  bonding  energy.  The  DREI- 
DING  force  filed  was  used  as  a  complement.  The  initial  PVA  and 
CS  chains  were  consisted  of  100  and  28  repeat  units,  respectively. 
The  packing  models  of  OPA-doped  PVA/CS  membrane  were  con¬ 
structed  containing  two  PVA  chains,  two  CS  chains  and  a  certain 
amount  of  EDTMP  molecules.  The  details  of  optimized  procedure 
were  described  in  Ref.  [27]. 

The  interaction  energy  (A E)  between  EDTMP  and  PVA/CS  blend 
was  calculated  as  follows: 

AE  =  Etota i  -  EPVA/CS  -  Eedtmp  (5) 

where  Etotal  was  the  potential  energy  of  EDTMP-doped  PVA/CS  sys¬ 
tem,  EpvA/cs  and  Eedtmp  were  the  potential  energy  of  the  optimized 
PVA/CS  blend  polymer  and  EDTMP,  respectively. 

Hydrogen  bond  and  electrostatic  energies,  which  corresponded 
to  the  strength  of  interactions  in  the  EDTMP-doped  PVA/CS  blend, 


Z.  Jiang  et  al.  /  Journal  of  Power  Sources  185  (2008 )  85-94 


Table  2 

N  contents  on  the  surface  of  PVA/CS,  PVA/CS-E(4.3)  without  and  with  further  crosslinking  by  GA 
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Membrane 

Experimental  (%) 

Theoretical9  (%) 

Theoretical5  (%) 

N1 

N2 

N1 

N2 

N1 

N2 

PVA/CS 

81.6 

19.4 

100.0 

- 

100 

- 

PVA/CS-E(4.3)  (without  GA) 

64.3 

35.7 

93.6 

6.4 

61.4 

38.6 

PVA/CS-E(4.3)  (with  GA) 

66.6 

33.4 

93.6 

6.4 

61.4 

38.6 

a  Ignoring  any  ionic  interactions  between  OPA  and  chitosan. 
b  Considering  a  complete  ionic  interaction  between  OPA  and  chitosan. 


were  calculated  and  listed  in  Table  1.  The  negative  hydrogen 
bond  energy  change  for  the  formation  of  complex  of  EDTMP 
and  PVA/CS  (-383.519  kj  mol-1)  indicated  that  the  addition  of 
EDTMP  decreased  the  energy  of  the  blend  system.  The  num¬ 
ber  of  hydrogen  bond  (446)  in  EDTMP-doped  PVA/CS  blend 
was  divided  into  two  kinds:  (1)  the  number  of  intra-hydrogen 
bond  between  PVA  and  CS  was  377,  which  was  lower  than  that 
in  pristine  PVA/CS  blend  (408),  (2)  and  the  number  of  inter¬ 
hydrogen  bond  between  EDTMP  and  PVA/CS  blend  was  69.  On 
one  hand,  EDTMP  destroyed  to  some  extent  the  original  hydro¬ 
gen  bonds  in  the  pristine  PVA/CS  blend.  On  the  other  hand,  the 
addition  of  EDTMP  resulted  in  new  hydrogen  bonds  including 
P=0-  •  HN,  P-OH---NH2,  P-OH---OH  and  P-O-  •  -HN  as  shown  in 
Fig.  1.  The  significant  reduction  in  the  electrostatic  interaction 
energy  after  doping  of  EDTMP  (-6196.781  kj  mol-1 )  compared  with 
that  for  pristine  PVA/CS  blend  (-3372.062  kj  mol-1)  and  EDTMP 
(-515.529  kj  mol-1)  suggested  a  strong  electrostatic  interaction 
between  PVA/CS  blend  and  EDTMP.  This  electrostatic  interaction 
was  attributed  to  the  acid-base  interaction  between  the  -P03H2 
groups  of  EDTMP  and  the  -NH2  groups  of  CS.  These  newly  formed 
hydrogen  bonds  and  electrostatic  interactions  altered  the  pristine 
crystalline  structure  in  PVA/CS  blends  by  presenting  a  compressed 
crosslinked  structure,  which  was  favorable  for  decreasing  methanol 
crossover. 


Bonding  energ  (eV) 


Bonding  energ  (eV) 


The  above  primary  simulation  results  revealed  the  potential 
influence  of  OPA  on  the  membrane  structure.  Deeper  understand¬ 
ing  and  confirmation  of  this  influence  need  further  experimental 
characterization  and  evaluation. 

3.2.  Membrane  preparation 

A  series  of  transparent  and  flexible  OPA-doped  PVA/CS  blend 
membranes  with  a  thickness  of  100-115  [xm  were  prepared.  Fig.  2 
shows  the  appearance  of  the  blend  membranes.  The  content  of 
ATMP,  EDTMP  and  HDTMP  added  into  the  PVA/CS  solution  was  kept 
up  to  23.1  wt.%.  While  ATMP  is  easy  to  dissolve  in  water,  EDTMP  and 
HDTMP  have  a  solubility  limit  of  5%  in  water  but  easy  to  dissolve 
in  ammonia  aqueous  solution.  The  presence  of  CS  in  the  blends 
enhanced  the  solubility  of  EDTMP  and  HDTMP  due  to  its  basic 
-NH2  groups.  When  the  content  of  the  OPAs  exceeded  23.1  wt.%,  an 
obvious  phase  separation  occurred  during  the  formation  of  mem¬ 
brane,  and  small  OPAs  crystals  were  found  to  crystallize  out  of  the 
membrane  matrix  during  the  gradual  evaporation  of  solvent. 

3.3.  OPA  content  in  blend  membranes 

Since  some  leaching  occurred  during  immersion  before  further 
crosslinking,  the  actual  content  of  OPAs  in  the  final  blend  mem- 
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Fig.  5.  High-resolution  XPS  spectra  of  N  Is  for  (a)  EDTMP,  (b)  PVA/CS  membrane,  (c)  PVA/CS-E(4.3)  without  and  (d)  with  further  crosslinking  by  GA. 
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branes  was  lower  than  the  total  initial  amount  added.  Fig.  3  shows 
the  actual  content  of  OPA  in  blend  membranes  corresponding  to 
the  total  initial  content  added.  It  was  found  that  about  50%  or 
higher  percent  of  the  OPAs  was  lost  during  the  preparation  pro¬ 
cedure,  and  more  EDTMP  could  be  retained  in  the  membrane  than 
ATMP  and  HDTMP.  The  high  content  of  phosphonic  acid  group  (4 
in  one  molecule)  and  the  moderate  chain  length  (-(CH2)n-,  n  =  2) 
of  EDTMP  contributed  to  a  stronger  interaction  with  polymers, 
resulting  in  a  stronger  crosslinking  effect.  Little  leaching  of  OPAs 
from  the  final  membranes  was  found  during  tests  of  proton  con¬ 
ductivity  and  methanol  permeability.  The  contents  of  OPAs  in  the 
resultant  blend  membranes  were  thus  expressed  in  their  actual 
contents. 

3.4.  FT-IR  spectra 

FT-IR  spectra  of  PVA/CS  and  OPA-doped  PVA/CS  membranes 
were  shown  in  Fig.  4.  The  strong  and  broad  band  at  around 
3400  cm-1  in  pure  PVA/CS  membrane  spectra  corresponded  to  the 
O-FI  stretching  vibrations  of  hydroxyl  groups.  The  intensity  of  this 
broad  band  decreased  upon  the  addition  of  OPAs,  indicating  that 
part  of  the  -OFI  groups  was  involved  in  the  condensation  reaction 
with  -CLIO  groups  of  GA,  forming  a  covalently  crosslinked  network. 
The  band  appeared  at  1000-1100  cm-1  were  assigned  to  the  C-0 
stretching.  The  appearance  of  bands  at  916,  1148,  and  2865  cm-1 
in  OPA-doped  membranes  was  attributed  to  the  stretching  of  P=0 
and  P-OH  in  OPAs.  Furthermore,  the  bands  at  945  and  2947  cm-1 
for  pure  OPAs  (spectra  not  shown)  shifted  to  lower  frequencies, 
916  and  2865  cm-1,  for  OPA-doped  PVA/CS  membranes,  revealing 
the  enhanced  intermolecular  hydrogen  bonds  formed  between  the 
acidic  hydrogen  atoms  of  OPAs  and  the  basic  amine  groups  and 
oxygen  atoms  on  the  polymer  chains. 


Fig.  6.  XRD  patterns  of  PVA/CS  and  PVA/CS-H(7.7)  membranes  without  and  with 
further  crosslinking  by  GA. 


EDTMP  was  deducted  according  to  its  doping  amount,  the  con¬ 
tent  of  N2  in  protonated  amino  form  was  about  29.3%  and  27.0% 
for  the  PVA/CS-E(4.3)  membrane  without  and  with  GA  crosslink¬ 
ing,  respectively.  These  content  values  were  much  higher  than  that 
of  pure  PVA/CS  membrane  (19.4%),  suggesting  an  enhanced  proto¬ 
nation  tendency  of  the  amine  groups  with  the  addition  of  strong 
acids. 

3.6.  XRD  patterns 


3.5.  XPS  analysis 

The  high-resolution  N  Is  core-level  XPS  spectra  for  EDTMP  (a), 
PVA/CS  membrane  (b),  PVA/CS-E(4.3)  without  (c)  and  with  further 
crosslinking  by  GA  (d)  were  presented  in  Fig.  5.  The  single  peak 
at  a  bonding  energy  of  401.7  eV  for  EDTMP  was  attributed  to  the 
tert-amine  (-N=)  denoted  as  N2.  In  the  XPS  spectra  of  the  pris¬ 
tine  and  OPA-doped  PVA/CS  blend  membranes,  two  distinguishable 
species  were  resolved  according  to  the  different  states  of  nitrogen 
atoms  in  different  microenvironments.  The  strong  peak  at  around 
399.4  eV  was  assigned  to  the  N  in  the  amino  groups  (-NH2)  of  CS 
(denoted  as  Nl).  In  order  to  quantify  the  relative  contents  of  N1 
and  N2  in  the  membranes,  peak  fittings  of  the  N  Is  XPS  spec¬ 
tra  for  undoped  PVA/CS  membrane  (Fig.  5(b))  and  PVA/CS-E(4.3) 
membranes  (Fig.  5(c)  and  (d))  were  conducted.  The  peak  at  around 
401.6  eV  was  attributed  to  the  protonated  amino  groups  (-NH3+) 
and  the  tert-amines  (-N=)  existed  in  the  blend  membranes.  The 
contents  of  Nl  and  N2  species  measured  by  XPS  were  listed  in 
Table  2.  Two  kinds  of  theoretical  content  values  for  different  N 
species  were  also  calculated  and  listed  in  Table  2  for  comparison, 
taking  either  no  ionic  interactions  or  a  complete  ionic  interaction 
between  OPAs  and  CS  into  account.  For  PVA/CS-E(4.3)  membranes, 
the  slight  decrease  in  N2  content  after  further  GA  crosslinking  indi¬ 
cated  a  slight  influence  of  GA  on  the  protonation  of  amine  groups. 
The  measured  content  of  N2  (33.4%)  was  much  higher  than  the 
theoretical  value  (6.4%)  ignoring  any  interactions,  but  quite  simi¬ 
lar  with  the  theoretical  value  (38.6%)  considering  a  complete  ionic 
interaction  between  the  -NFI2  groups  of  CS  and  -PO3FI2  groups 
of  EDTMP.  This  approximation  confirmed  the  existence  of  strong 
interactions  between  the  OPAs  and  the  polymers.  The  N2  content 
originated  from  both  the  amino  groups  (-NH3+)  on  CS  and  the 
tert-amines  (-N=)  on  EDTMP.  If  the  contribution  of  the  -N=  on 


PVA/CS-H(7.7)  as  a  representative  OPA-doped  membrane  was 
used  in  XRD  analysis.  XRD  patterns  of  PVA/CS  and  PVA/CS-H(7.7) 
membranes  without  and  with  further  crosslinking  by  GA  are  shown 
in  Fig.  6.  For  the  pure  PVA/CS  membrane  without  GA  crosslink¬ 
ing,  the  characteristic  crystalline  peaks  at  11.6°,  18.3°,  23.7°  and 
26.5°  which  were  attributable  to  CS  [28]  and  the  peaks  around 
20°  which  was  attributable  to  PVA  could  be  clearly  observed 
[29].  The  major  crystalline  peak  of  CS  at  11.6°  was  remarkably 
weakened  after  incorporation  of  HDTMP  and  completely  dis¬ 
appeared  after  GA-crosslinking  treatment,  while  another  major 
peak  at  18.3°  was  also  diminished.  The  reduction  of  crystalline 
degree  of  the  blend  membranes  was  partly  attributed  to  the 
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interaction  between  the  -PO3H2  groups  on  HDTMP  molecules 
and  the  -NH2  groups  on  CS  chains,  and  partly  attributed  to  the 
crosslinking  reaction  between  the  -CHO  groups  on  GA  and  the 
-OH  groups  on  PVA  and  CS.  The  total  crystallinity  of  PVA/CS 
blend  membrane  was  reduced  from  13.4%  to  10.2%  by  incorpo¬ 
ration  of  7.7  wt.%  of  HDTMP,  and  this  value  was  further  notably 
decreased  to  1.5%  after  GA  crosslinking  treatment.  This  change  in 
crystalline  property  indicated  that  HDTMP  acting  not  only  as  an 
acidic  additive  but  also  as  a  crosslinker,  interfered  the  packing 
of  polymer  chains  by  forming  hydrogen  bonds  and  ionic  bonds. 
The  decrease  of  crystallinity  suggested  an  increase  in  amorphous 
phases  in  the  membrane,  which  is  favorable  for  proton  transport 
as  a  result  of  an  enhanced  segmental  motion  of  polymer  chains. 
The  change  in  the  OPA-doped  membrane  structure  will  subse¬ 
quently  lead  to  a  change  in  membrane  performance.  The  reduction 
in  crystallinity  was  supposed  to  benefit  the  transport  of  protons 
without  a  big  compensation  of  alcohol  barrier  property  by  form¬ 
ing  a  dense  crosslinked  structure  instead  of  the  pristine  crystalline 
structure. 

3.7.  Thermal  stability 

The  thermal  stability  of  PVA,  PVA/CS  and  OPA-doped  PVA/CS 
membranes  was  investigated  by  TGA  measurement  from  room  tem¬ 
perature  to  600  °C  in  air.  The  TGA  curves  are  shown  in  Fig.  7.  The 
onset  decomposition  temperature  (Td_onset),  the  maximum  weight 
loss  rate  temperature  (Td-max)  and  the  corresponding  weight  loss 
of  each  decomposition  step  were  summarized  in  Table  3.  The  ini¬ 
tial  weight  loss  of  around  5  wt.%  below  180  °C  was  due  to  the  loss 
of  water  adsorbed  in  the  membrane.  The  pure  PVA  membrane  dis¬ 
played  two  decomposition  stages.  The  first  broad  decomposition 
stage  ranging  from  207  to  460  °C  was  attributed  to  the  gradually 
degradation  of  side-groups,  and  the  second  stage  after  500  °C  was 
caused  by  the  decomposition  of  the  PVA  cleavage  backbone  (or  so- 
called  carbonation)  [30].  Three  main  weight  loss  stages  were  clearly 
observed  for  the  PVA/CS  membrane  without  doping  with  OPAs. 
The  first  and  second  sharp  weight  loss  stages  of  PVA/CS  membrane 
starting  at  208  and  430  °C,  respectively,  with  a  total  weight  loss 
of  53%,  were  mainly  ascribed  to  the  degradation  of  CS  chains  and 
PVA  side-groups.  The  third  weight  loss  stage  starting  at  500  °C  was 
mainly  due  to  the  degradation  of  PVA  chains. 


The  incorporation  of  OPAs  into  the  polymer  matrix  yielded 
an  enhanced  thermal  stability  with  the  first  decomposition  stage 
being  shifted  to  higher  temperatures  by  3-34  °C  compared  with 
the  undoped  PVA/CS  membrane.  The  onset  temperature  of  the  first 
decomposition  stage  (Tdl_onset)  for  the  three  kinds  of  OPA-doped 
membranes  followed  such  an  order:  PVA/CS-E(13.9)>PVA/CS- 
H(11.2)  >PVA/CS-A(12.8).  The  weight  loss  of  PVA/CS-A(12.8)  was 
higher  than  that  of  undoped  PVA/CS  membrane  after  260  °C.  The 
arrangement  changes  of  PVA  and  CS  chains  occurred  after  the  addi¬ 
tion  of  ATMP  led  to  a  quicker  degradation  at  the  first  step.  The 
enhanced  thermal  stability  of  OPA-doped  PVA/CS  membranes  was 
attributed  to  the  ionic  crosslinked  network  structure  where  the 
EDTMP  and  HDTMP  had  a  much  stronger  crosslinking  efficiency 
with  the  polymer  than  the  ATMP  did.  Furthermore,  the  intermolec- 
ular  and  intramolecular  hydrogen  bonds  also  made  a  contribution 
to  the  enhanced  thermal  stability.  Of  these  membranes,  PVA/CS- 
E(  13.9)  was  thermally  stable  up  to  246  °C  owing  to  the  proper  length 
of  -(CH2)n-  chain. 

3.8.  Mechanical  properties 

The  effect  of  doping  of  various  OPAs  on  the  membrane  mechan¬ 
ical  properties  was  investigated  in  terms  of  tensile  strength  and 
Young’s  modulus  (data  listed  in  Table  4).  The  tensile  strength  of 
the  blend  membranes  decreased  upon  the  addition  of  OPAs  at  a 
low  doping  content  for  EDTMP  and  HDTMP  due  to  the  destruc¬ 
tion  of  the  pristine  orderly  arrangement  of  polymer  chains.  With 
the  increase  of  EDTMP  and  HDTMP  content  in  the  membrane,  the 
tensile  strength  increased  significantly,  reached  a  level  compara¬ 
ble  to  or  even  higher  than  that  of  the  pristine  PVA/CS  membrane. 
This  increasing  trend  was  attributable  to  the  strengthened  ionic 
and  hydrogen  bond  interactions  between  the  OPAs  and  the  poly¬ 
mer  chains  with  the  increase  of  OPA  content.  However,  such  an 
increasing  trend  was  not  found  for  ATMP-doped  blend  membranes 
where  the  tensile  strength  was  lowered  with  the  addition  of  ATMP. 
This  result  was  in  agreement  with  what  the  TG  analysis  proved 
that  the  ATMP  exhibited  a  much  weaker  ability  for  crosslinking 
than  the  other  two  OPAs.  Similar  results  were  also  found  in  H3PO4- 
doped  membranes  [13,15,19].  The  reduction  in  elongation  of  the 
OPA-doped  membranes  reflected  the  lowered  chain  flexibility  as  a 
result  of  the  enhanced  crosslinking  extent.  All  the  OPA-doped  mem- 
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Time  (h) 

Fig.  8.  The  oxidative  stability  of  OPA-doped  PVA/CS  membranes. 

branes  displayed  a  higher  Young’s  modulus  than  the  pristine  PVA 
and  PVA/CS  membrane.  Moreover,  the  Young’s  modulus  increased 
with  the  doping  content. 

3.9.  Oxidative  stability 

The  oxidative  stability  of  the  OPA-doped  PVA/CS  membranes 
was  evaluated  by  exposing  the  membrane  to  a  3  wt.%  H2O2  solu¬ 
tions  at  60  °C.  The  undoped  PVA/CS  membrane  broke  into  small 
pieces  after  immersion  for  24  h  and  completely  dissolved  after 
48  h.  For  OPA-doped  PVA/CS  membranes,  no  obvious  change  was 
observed  during  the  first  72  h,  and,  after  120  h,  the  membranes 
became  incompact  with  poor  mechanical  strength  but  did  not 
break  into  brittle  pieces  as  the  undoped  PVA/CS  membrane  did.  The 
weight  loss  of  membranes  was  recorded  with  immersion  time  and 
shown  in  Fig.  8.  The  oxidation  stability  was  significantly  improved 
by  incorporation  of  OPAs,  and  the  three  kinds  of  OPA-doped  mem¬ 
branes  in  this  study  exhibited  similar  oxidative  behavior.  This 
strengthened  oxidative  stability  might  be  attributed  to  the  P-OFI 
hydrogen  and  ionic  bonds  formed  between  -OH  or  -NH2  and 
-PO3H2. 

3.10.  Water  uptake  and  ion-exchange  capacity 

The  water  uptake  the  OPA-doped  blend  membranes  were  pre¬ 
sented  in  Table  5.  While  the  water  uptake  of  pure  PVA  membrane 
(24.4  wt.%)  was  comparable  to  that  of  Nation®  117  membrane,  the 
PVA/CS  blend  membrane  exhibited  a  remarkably  higher  water 
uptake  of  nearly  60  wt.%  owing  to  the  high  hydrophilic  nature 


of  CS  and  the  disruption  of  the  highly  ordered  arrangement  of 
pristine  PVA  and  CS  polymer  chains  individually  [24].  The  water 
uptake  capacity  of  OPA-doped  PVA/CS  membranes  was  compa¬ 
rable  to  the  undoped  PVA/CS  membrane.  The  positive  effect  of 
the  addition  of  hydrophilic  OPAs  and  the  negative  effect  of  their 
crosslinking  function  on  the  water  uptake  seemed  to  reach  a 
balance  in  the  doping  range.  Since  the  crosslinking  function  of 
AMTP  was  not  as  strong  as  the  other  two  OPAs,  EDTMP  and 
HDTMP,  the  water  uptake  of  PVA/CS-A  membranes  was  relatively 
higher  than  PVA/CS-E  and  PVA/CS-H  membranes  at  similar  doping 
contents. 

Ion-exchange  capacity  (IEC)  is  an  indirect  and  reliable  approx¬ 
imation  of  the  proton  conductivity.  The  measured  IEC  values  are 
shown  in  Table  5,  The  PVA  and  CS  materials  showed  low  IEC  values 
due  to  their  poor  proton  dissociation  ability.  The  incorporation  of 
OPAs  led  to  a  significant  increase  in  IEC  even  at  low  contents.  IEC  val¬ 
ues  comparable  to  that  for  Nation®  117  membrane  (0.78  mmol  g-1 ) 
were  obtained  by  addition  of  only  1.1  wt.%  of  ATMP,  4.3  wt.%  of 
EDTMP  and  2.3  wt.%  of  HETMP  into  PVA/CS  matrix.  Moreover, 
the  IEC  values  increased  with  the  increase  of  OPA  content  and 
reached  the  highest  level  up  to  1.33  mmolg-1  for  PVA/CS-A(12.8), 
1.30 mmol g-1  for  PVA/CS-E(13.9)  and  1.15 mmolg-1  for  PVA/CS- 
H(11.2).  This  increment  was  a  direct  result  of  the  increase  in  the 
density  of  -P03H2  groups  in  the  membrane.  These  high  IEC  val¬ 
ues  suggested  high  proton  conductivities  as  discussed  in  the  next 
section. 

3.11.  Proton  conductivity 

The  proton  conductivities  of  membranes  were  listed  in  Table  5 
and  compared  with  Nafion®117  membrane.  The  proton  conductiv¬ 
ity  of  Nafion®117  membrane  measured  at  room  temperature  was 
5.05  x  10-2  S  cm-1  while  that  for  PVA  membrane  and  PVA/CS  mem¬ 
brane  was  0.10  xlO-2  and  0.97  x  10-2  Son-1,  respectively.  The 
three  kinds  of  OPA-doped  PVA/CS  membranes  showed  a  remark¬ 
ably  higher  proton  conductivity  than  undoped  PVA/CS  membrane 
in  a  range  of  2.27  x  10-2  to  2.58  x  10-2  Son-1.  This  significant 
improvement  in  proton  conductivity  demonstrated  the  easier  pro¬ 
ton  transport  from  acid  to  acid  with  the  aid  of  -PO3H2  groups  [9]. 
Moreover,  the  high  proton  conductivity  was  also  due  to  the  pres¬ 
ence  of  zwitter  ionic  architecture  in  the  OPA-doped  PVA/CS  blend 
membranes  constructed  by  acid-base  interactions  and  hydrogen 
bonds.  The  doping  of  OPAs  disrupted  the  original  orderly  pack¬ 
ing  of  polymer  chains  and  gave  rise  to  hydrophilic  regions  due  to 
strong  affinity  toward  water  of  -OH  and  -P03H2  groups.  These 
hydrophilic  regions  formed  around  the  cluster  of  chains  led  to 
higher  water  retention  and  thus  enable  easier  proton  transfer 
[31]. 

Further  study  on  the  proton  conductivity  at  elevated  tempera¬ 
tures  up  to  80  °C  was  carried  out.  All  the  samples  were  well  hydrated 


Table  5 

Water  uptake,  IEC,  methanol  permeability  and  proton  conductivity  of  PVA,  PVA/CS,  OPA-doped  PVA/CS  and  Nafion®117  membranes 


Membrane 

OPA  content  (wt.%) 

Water  uptake  (wt.%) 

Methanol  permeability  (10-7  cm2  s-1 ) 

IEC  (mmolg-1) 

Proton  conductivity  (20  ±  3  °C)  (10-2  S  cm-1 ) 

Nafion®117 

0 

25.3 

37.2 

0.78 

5.04 

PVA 

0 

24.4 

0.70 

0.03 

0.10 

PVA/CS 

0 

59.2 

2.63 

0.04 

0.97 

1.1 

60.6 

2.85 

0.63 

2.27 

PVA/CS-A 

8.4 

66.3 

3.43 

1.15 

2.64 

12.8 

79.2 

4.26 

1.33 

3.58 

4.3 

65.0 

2.90 

0.86 

2.60 

PVA/CS-E 

10.1 

57.9 

2.39 

1.08 

2.87 

13.9 

52.3 

2.32 

1.30 

3.51 

2.3 

61.0 

2.93 

0.75 

2.15 

PVA/CS-H 

7.7 

56.6 

2.63 

1.02 

2.59 

11.2 

56.1 

2.45 

1.15 

2.61 
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Fig.  9.  Temperature  dependence  of  proton  conductivity  for  Nation®  117,  PVA/CS, 
PVA/CS-A(12.8),  PVA/CS-E(13.9)  and  PVA/CS-H(11.2)  membranes. 


during  the  test,  and  eliminated  the  effect  of  humidification  [32]. 
The  change  of  proton  conductivity  with  temperature  agreed  well 
with  the  Arrhenius  law  [33].  The  Arrhenius  plots  for  various  mem¬ 
branes  were  presented  in  Fig.  9.  The  activation  energy  of  proton 
conductivity  was  estimated  [25]  and  presented  in  Table  6.  Pro¬ 
ton  conductivity  increased  with  the  increase  of  temperature  for 
all  the  membranes  owing  to  the  good  water  retainability.  Two 
mechanisms  for  proton  transfer  were  commonly  adopted:  Grotthus 
or  ‘hopping’  mechanism  and  vehicle  mechanism  [34].  ‘Hopping’ 
mechanism  refers  to  the  proton  transport  through  hydrogen- 
bonded  network  of  water  molecules  and  the  ion-exchange  sites. 
Vehicle  mechanism  refers  to  the  coupled  proton-water  trans¬ 
port,  which  is  strongly  associated  with  the  water  content  in  the 
membrane.  The  activation  energy  of  proton  conductivity  (Ea)  for 
Nation®  117  and  undoped  PVA/CS  membranes  was  calculated  to  be 
9.98  and  2.67  kj  mol-1,  respectively.  ATMP-,  EDTMP-  and  HDTMP- 
doped  PVA/CS  membranes  presented  comparable  higher  Ea  values 
(16.98,  19.31  and  15.93  kj  mol-1,  respectively).  High  proton  con¬ 
ductivities  and  activation  energies  of  OPA-doped  membrane  were 
attributed  to  the  high  density  of  -P03H2  groups,  which  provided 
enough  sites  for  proton  jumping  from  one  to  another.  Grotthus  or 
‘hopping’  mechanism  was  considered  to  play  an  important  role 
in  proton  transfer.  Furthermore,  since  the  0-0  distance  between 
two  -P03H2  groups  in  OPAs  was  shorter  than  that  between 
two  -SO3H  groups  in  sulfonated  membranes,  the  transport  of 
protons  along  the  acidic  groups  became  easier  [9].  These  OPA- 
doped  PVA/CS  membranes  were  reasonably  expected  to  be  suitable 
for  DMFCs  operating  at  higher  temperatures  in  terms  of  proton 
conductivity. 


Table  6 

Activation  energy  of  conductivity  of  Nafion®117,  PVA/CS,  PVA/CS-A(12.8),  PVA/CS- 
E(13.9)  and  PVA/CS-H(11.2)  membranes 


Membrane 

Thickness  (|Jim) 

Activation  energy  of 
conductivity  (kj  mol-1 ) 

Nafion®117 

190 

9.98 

PVA/CS 

100 

2.67 

PVA/CS-A(12.8) 

110 

16.98 

PVA/CS-E(13.9) 

107 

19.31 

PVA/CS-H(11.2) 

115 

15.93 

3.12.  Methanol  permeability 

Methanol  crossover,  which  occurs  due  to  diffusion  as  a  result 
of  the  concentration  gradient  and  also  the  electro-osmotic  drag 
is  a  critical  problem  for  DMFC  membranes.  Decreasing  methanol 
diffusion  and  correction  of  electro-osmotic  drag  effects  were 
developed  and  found  necessary  for  protonic  membranes  [35,36]. 
Herein,  the  methanol  permeability  was  measured  and  compared 
based  on  only  the  diffusion  behavior.  The  methanol  perme¬ 
ability  of  the  membranes  prepared  and  Nation®  117  at  ambient 
temperature  was  shown  in  Table  5.  The  methanol  permeabil¬ 
ity  of  pure  PVA  and  PVA/CS  membranes  was  0.7  x  10-7  and 
2.63  x  10-7  cm2  s-1 ,  respectively,  more  than  53  and  14  times  lower 
than  that  of  Nation®  117  membrane  (37.2  x  10-7  cm2s-1)  [25].  This 
sound  methanol  barrier  property  was  in  accordance  with  other 
reports  on  separation  of  alcohol-water  mixtures  by  the  identical 
membrane  materials  [24,37].  The  relatively  higher  methanol  per¬ 
meation  of  PVA/CS  blend  compared  with  pure  PVA  membrane  was 
due  to  the  disruption  of  the  pristine  highly  crystalline  structure 
of  PVA  by  the  addition  of  CS.  The  OPA-doped  PVA/CS  membranes 
retained  the  methanol  barrier  property  of  PVA/CS,  exhibiting  a 
methanol  permeability  of  the  same  magnitude.  A  comparison  of 
the  three  kinds  of  OPAs  in  terms  of  methanol  permeability  led  to 
a  conclusion  that  EDTMP-  and  HDTMP-doped  membranes  showed 
better  methanol  barrier  properties  than  ATMP-doped  membranes. 
A  lower  crystallinity  or  a  higher  content  of  amorphous  phases  and 
a  less  compact  crosslinking  structure  usually  result  in  a  bigger 
alcohol  crossover.  For  the  EDTMP-  and  HDTMP-doped  membranes, 
the  diminishment  of  crystalline  regions  caused  by  the  doping  of 
OPAs  were  compensated  by  the  construction  of  the  crosslinking 
structure  formed  between  the  OPA  molecules  and  the  polymer  via 
both  acid-base  interaction  and  hydrogen  bonds.  As  a  result,  the 
methanol  barrier  property  could  be  well  retained.  For  ATMP,  the 
crosslinking  function  was  much  weaker  compared  to  the  other 
two  OPAs  probably  due  to  its  smaller  molecular  size  and  lower 
content  of  acid  groups.  Therefore,  the  ATMP-doped  membranes 
exhibited  higher  methanol  permeability  and  this  methanol  per¬ 
meability  became  even  more  severe  with  the  increase  of  doping 
content.  This  tendency  was  in  accordance  with  the  water  uptake 
of  the  membranes  since  the  methanol  permeation  was  positively 
related  to  swelling  behavior.  In  addition,  the  length  of  -(CH2)n- 
chains  between  the  phosphonic  acid  groups  also  influenced  the 
crosslinking  degree.  In  this  study,  the  PVA/CS  membrane  doped 
with  EDTMP  with  moderate  -(CH2  )2-  chain  length  showed  the  best 
performance  in  terms  of  both  proton  conductivity  and  methanol 
barrier  property. 


4.  Conclusions 

A  novel  series  of  OPA-doped  PVA/CS  membranes  was  fabri¬ 
cated  by  blending  the  PVA  and  CS  aqueous  mixture  with  three 
OPAs  including  ATMP,  EDTMP  and  HDTMP  to  increase  the  pro¬ 
ton  conductivity  without  sacrificing  the  methanol  barrier  property. 
The  characterization  studies  with  FT-IR,  XRD,  XPS  and  TGA  and 
the  evaluation  for  membrane  performance  confirmed  the  dual 
function  of  OPAs  exerting  in  the  membrane:  (1)  proton  conduc¬ 
tor:  a  high  proton  conductivity  of  about  3.5  x  10-2 Son-1  was 
achieved  for  OPA-doped  PVA/CS  membranes,  comparable  with  that 
for  Nafion®117  membrane  (5.04  x  10-2Scm-1);  (2)  crosslinker:  a 
dense  structure  of  OPA-doped  membrane  was  achieved  through 
acid-base  ionic  interactions  and  hydrogen  bonds.  Meanwhile,  low 
methanol  permeability  values  around  3  x  10-7  cm2  s-1  for  OPA- 
doped  PVA/CS  membranes,  one  order  of  magnitude  lower  than 
that  of  Nation®  117  membrane,  were  obtained.  The  above  proper- 
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ties  as  well  as  the  sound  mechanical  strength  render  the  OPA-doped 
membranes  promising  application  potential  in  DMFCs. 
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